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Magnesium-based bulk metallic glasses are attractive due to their single-phase, chemi-
cally  homogeneous alloy system and the absence of second-phase, which could impair
the  mechanical properties and corrosion resistance. However, one of the unsolved prob-
lems for the manufacturability and the applications of bulk metallic glasses is that their
glass-forming  ability is very sensitive to the preparation techniques and impurity of com-
ponents  since oxygen in the environment would markedly deteriorate the glass-forming
ability.  Therefore, the aim of this study was to establish proper processing conditions to
obtain  a magnesium-based amorphous ternary alloy and its characterization. The ﬁnal com-
position was prepared using two binary master alloys by melting in an induction furnace.
Carbon  steel crucible was used in argon atmosphere with and without addition of SF6 gas
in  order to minimize the oxygen contamination. The microstructure, amorphous nature,
thermal  properties and chemical analysis of samples were investigated by scanning elec-
tron  microscopy (SEM), X-ray diffraction (XRD), differential scanning calorimetry (DSC) and
inductively  coupled plasma emission spectrometry, respectively. The oxygen content of the
as-cast samples was chemically analyzed by using carrier gas hot extraction (O/N Analyzer
TC-436/LECO)  and was kept bellow 25 ppm (without SF6) and 10 ppm (with SF6). Bulk samples
were  produced by rapid cooling in a cooper mold until 1.5 mm thickness, with amorphous
structures  being observed up to 2.5 mm.©  2014 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
ible  with the biological system, causing no toxic, allergic,.  Introductionecently, a large number of materials have been studied for
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for limiting such materials is that they must be compat-
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inﬂammatory, or cancerous effects. Therefore, the number
of  currently used materials as biomedical implants is quite
limited  and includes stainless steel, alloy of cobalt–chrome,
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titanium and titanium based alloys, several ceramics, poly-
mers  and composites. The use of magnesium-based alloys
as  biomedical implants dates from the early twentieth cen-
tury  and has been investigated up to now. The interest in
magnesium alloys is mainly due to its excellent mechani-
cal  properties, biocompatibility, biodegradation properties and
relatively  low cost. Among the numerous advantages of using
magnesium  alloys as biomedical implants, the more  attrac-
tive  one is their low density, ranging from 1.74 to 2.00 g/cm3.
The  low elastic modulus, from 41 to 45 GPa is also very desir-
able  when compared to stainless steel (about 200 GPa), cobalt
based  alloys (about 230 GPa), and titanium (about 115 GPa).
The  higher the similarity between the elastic modules of the
implant  and bone, the smaller the problem of stress shielding,
and  consequently, the bone restoration process takes place
more  efﬁciently [1]. Moreover, literature reports indicate that
the  corrosion is accompanied by the formation of a layer of
calcium  phosphate on bone, which favors the osteosynthesis,
and  the corrosion product is a soluble oxide, which is non-
toxic  and is eliminated through urine [2]. It is known that
pure  Mg  has poor mechanical properties that can be effectively
improved  by the addition of appropriate alloying elements
[3].  However, the range of alloying elements appropriate to
processing biodegradable magnesium alloys is rather limited
by  problems of biocompatibility. Among the possible alloying
elements,  Ca, Zn, Mn  are worth to be mentioned and, in addi-
tion,  a small amount of rare earths with low toxicity can be
tolerated  in the human body. Calcium is an element studied in
bioabsorbable magnesium alloys due to its suitable chemical
and  physical properties and also for being a major compo-
nent  of the human body. Its low density (1.55 g/cm3) enables
the  production of magnesium based binary alloys with density
similar  to the bone. Furthermore, it is known that magnesium
is  required for the incorporation of calcium into bone, leading
to  the belief that the release of Ca and Mg  ions may  be bene-
ﬁcial  to bone consolidation. Based on these premises, Li et al.
[4]  developed Mg–Ca binary alloys to be used as biodegradable
implants. Unfortunately, the materials showed no homoge-
neous  corrosion properties with surface defects reported as
pitting  corrosion, resulting in a rapid loss of resistance of
the  parts. In contrast, in vivo cytotoxicity tests have qualiﬁed
these  alloys as materials for biodegradable implants. The cor-
rosion  mechanism of crystalline magnesium-based alloys in
electrolytic solutions was  described by Staiger et al. [1], who
reported  the formation of a protective oxide layer Mg(OH)2.
However,  in environments containing chloride ions this layer
is  destroyed by pitting corrosion, which accelerates the degra-
dation  of the material. In addition, hydrogen is a corrosion
product of magnesium, and the bubbles formed by the oxida-
tion  of the magnesium present in the implant can cause pain
and  discomfort to the patient, requiring its removal by means
of  puncturing. In the worst case, when large hydrogen bub-
bles  are present in the blood circulation system, there will be
a risk that these bubbles may  block the blood stream, caus-
ing  death of the patient [5]. In an attempt to minimize this
effect,  researchers studied the effect of adding Zn to Mg and
found  that concentrations above 28% provide the formation of
a  passivated layer rich in zinc and oxygen and reduction of the
amount  of H2 released to acceptable levels [6]. This condition is
possible only in glassy alloys that promote an expansion of the. 2 0 1 4;3(3):203–209
solubility of Zn in Mg, avoiding the formation of undesirable
intermetallic phases. In view of the fact that the amorphous is
a metastable state for metals, a speciﬁc process is necessary
to  obtain it. The three major contributing factors to glass for-
mation  are signiﬁcantly different atomic radii of the elements
involved,  generally higher than or equal to 12%; high negative
heat  of mixing; and multicomponent alloy system (with more
than  three components) [7]. Studies revealed that the addi-
tion  of a small percent of Ca upgrade the GFA in Mg–Zn alloys
[8],  probably because the introduction of Ca into this system
qualiﬁes  the alloy to follow the three empirical rules leading
to  high GFA. Bulk metallic glasses can be synthesized either by
solidiﬁcation or by solid state processing. The rapid quench-
ing  of the melt in water is the oldest of all techniques and
the  high rate of cooling prevents the formation of detectable
crystalline phases and glass formation could be achieved [7].
Nowadays,  the modern techniques of preparing bulk metallic
glasses  include pouring the cast in a copper mold to obtain
high  cooling rates. Based on these assumptions and in previ-
ous  studies of our research group, which indicated a higher
glass  forming ability (GFA) for ternary Mg–Zn–Ca alloys with
calcium  concentrations around 5% [9], we  elected the compo-
sition  of the ternary magnesium alloy studied in this work. The
effect  of addition of SF6 gas to the argon atmosphere, which
is  usually used in this type of fusion, was  also evaluated. The
use  of SF6 gas has been indicated in the literature as protec-
tive  against oxidation [4,10–13]. This procedure was  adopted to
minimize oxygen contamination in the fusion environment,
thereby helping to reach the amorphous alloy, where oxygen
contents  below 250 ppm are needed [14].
2.  Experimental  procedure
Chemical elements of high purity (over 99.9%) were  used. They
were  pickled in appropriate acidic solutions, washed in an
ultrasonic  bath in acetone, and dried with a dryer. For calcium,
this  step was  not needed because it is commercially available
in  sealed ﬂasks under argon atmosphere. Initially, two binary
alloys  were melted with eutectic composition of Mg89.5Ca10.5,
whose  melting point is 516.5 ◦C, and Mg72Zn28, with a melting
point  of 340 ◦C. The ingots of selected compositions were  pre-
pared  in a centrifugal induction furnace (Linn High Therm,
Model  Titancast 700 VAC), in argon ultrapure 5.0 (99.999%)
with  and without addition of SF6 3.0 (99.9%). This equipment
promotes the induction heating of the metal charge placed
in  a cylindrical steel crucible. From the processing of binary
alloys,  the Mg65Zn30Ca5 ternary alloy was obtained. To prepare
the  wedge-like geometry, a copper mold was used in which
molten  material was  poured. The assembly (crucible + mold)
was  rotated at 400 rpm so that centrifugal force caused the
liquid  metal to ﬁll the mold in a very short time. In addition,
melt-spun ribbons were  produced to evaluate the GFA of the
particular  composition. This melt spinning process is widely
used  for production of glassy alloys because it provides very
high  cooling rates of approximately 105–106 K s−1. The alloys
were  characterized using X-ray diffraction (XRD) and differ-
ential  scanning calorimetry (DSC). XRD measurements were
performed  on a diffractometer (Siemens, D5005 model) using
Cu-K  radiation (  ˛ = 1.5418 A˚)  and scanning 2◦/min, from 10◦
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Table 1 – Quantitative chemical analysis of as-cast alloy
melted  in argon + SF6 atmosphere.
Element Theory
Mg65Zn30Ca5
% (w/w)
Experimental
Mg65Zn30Ca5
% (w/w)
Ca 5.50 5.33 ± 0.11
Mg 42.36 42.44 ± 1.32
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Table 2 – Quantitative chemical analysis of as-cast alloy
melted  in argon atmosphere.
Element Theory
Mg65Zn30Ca5
% (w/w)
Experimental
Mg65Zn30Ca5
% (w/w)
Ca 5.50 5.22 ± 0.16
Mg 42.36 41.09 ± 0.55
and  542 ◦C, respectively (Fig. 1). It is possible to observe that
the  work temperature was  300 ◦C lower than the melting tem-
perature  of Ca, thereby avoiding losses and oxidation.
100 150 200 250 300 350 400 450 500 550 600 650
10050  150 200 250 300 350 400 450 500 550 600 650
TL=602ºC
TS=518ºC
TS=344ºC
D
SC
Mg89.5Ca 10.5
TL=481ºC
Mg72Zn28Zn 52.53 52.88 ± 0.72
O – 0.0010 ± 0.0001
o 90◦. The thermal characterization was  performed by DSC
Netzsch,  404 DSC model) with a heating rate of 40 K/min,
nder  ultrapure argon atmosphere ﬂowing at 150 mL/min. The
icrostructure  analyses were  performed using a scanning
lectron microscope (FEI, INSPECT S50 model). The oxygen
ontent  of the as-cast samples was  chemically analyzed by
sing  a carrier gas hot extraction (O/N Analyser TC-436/LECO),
hile  the levels of the alloying elements were determined
y  inductively coupled plasma optical emission spectrometry
ICP  OES, VISTA equipment from Varian).
.  Results  and  discussion
he chemical compositions of the experimental binary alloys
ere  determined and the results indicated that the ﬁnal com-
ositions  were  close to the target for Mg89.5Ca10.5 and Mg72Zn28
lloys. The Ca containing alloy presented an overall yield
f  88.8%, probably due to Ca and Mg  oxidation/evaporation,
ince a temperature over the melting temperature of Ca
842 ◦C) is necessary for complete homogenization, which is
uch  higher than the melting temperature of Mg (650 ◦C).
n  contrast, in the case of the Mg72Zn28 alloy, the yield was
onsiderably higher, 99.8%, as the working temperature lies
lightly  over the melting temperature of Mg (650 ◦C), which
ttenuates the oxidation/evaporation tendency of the alloying
lements.  In order to obtain a ternary alloy with an amor-
hous  structure, stoichiometric quantities of both alloys were
eighed  with the necessary addition of pure Zn, and melted to
btain the ﬁnal composition Mg65Zn30Ca5. The results for the
hemical  analysis showed a good agreement between the cal-
ulated and the experimental values, as well as a low content
f  oxygen (10 ppm ± 1 ppm) owing to the use of SF6 gas added
o  the argon during the fusion process. This oxygen content is
onsiderably low and sufﬁces for amorphous phase formation.
he  results showed a slight increase in the oxygen content
rom  10 ppm to 25 ppm without SF6 addition, which is still well
elow  the admissible value of 250 ppm [14]. As the addition of
F6 is difﬁcult to be controlled and it represents a net negli-
ible  charge to the environment, some attempts were carried
ut  to avoid its utilization and only argon was  used (99.999%)
n  all steps of melting. Therefore, the use of SF6 was discontin-
ed  and argon 99.999% was  used for sample preparation. The
esults  are shown in Tables 1 and 2.
In her dissertation work, Danez [9] processed several mag-
esium  based alloys in order to evaluate their glass-forming
bility. In this study, the author establishes three different
rocessing routes for the samples. After characterization, it
as observed that only four of the twelve alloys processed
resented amorphous phase. Moreover, the oxygen contentsZn 52.53 50.46 ± 0.90
O – 0.0025 ± 0.0003
analyzed by energy dispersive spectroscopy (EDS) were much
higher  than the admissible value of 250 ppm [14], including
for  the amorphous alloys. Although all melting processes were
carried out in inert argon atmosphere, the results ranged from
1.98  to 6.78% m/m.  However, the EDS technique enables the
achievement  of semi-quantitative analyses, while the car-
rier  gas hot extraction technique, used in the present study,
permits  quantitative analysis. In the carrier gas hot extrac-
tion  technique, approximately 100 mg  is used, which is quite
representative of the original solid. Thus, it is believed that
carrier  gas hot extraction is the most suitable technique for
the  determination of oxygen content in metallic materials in
general. Unfortunately, information on materials processing
with  less contamination and more  efﬁciency, or even on the
most  appropriate technique for their characterization, is not
widely  discussed in the literature. Nevertheless, this informa-
tion  is of fundamental importance when a new material is
processed,  especially for alloys containing Ca and Mg  because
of  their high reactivity. Aside of this, it is important to note that
the  preparation of the binary master alloys is a key factor for
the  success of the ﬁnal melting process. Contrary to this work,
Danez  [9] melted all the elements in one step for obtaining the
target  composition, a procedure that contributed to the high
level  of oxygen in the resulted alloy, a consequence of the high
temperature  necessary for melting Ca, which lies well above
the  melting temperatures of Mg and Zn.
The melting points of the alloys processed were  deter-
mined by DSC analyses on cast samples and the fusion ranges
found  for the binary alloys were  344–481 ◦C for Mg72Zn28 and
518–602 ◦C for Mg89.5Ca10.5, with endothermic peaks at 369 ◦CTemperature ºC 
Fig. 1 – DSC thermograms of the binary alloys.
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Fig. 2 – X-ray diffraction patterns of as-cast melt spun
ribbon,  heat-treated ribbon and thickest region of the
Bulk sample
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Fig. 3 – X-ray diffraction pattern corresponding to the
observed in Fig. 5c, are probably composed of MgZn, while
the  dark regions are composed of pure Mg. The Mg6Zn3Ca2
phase is not easily seen because of instrumental resolution.
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Fig. 4 – Diagram of X-ray diffraction corresponding to threewedge  cast in copper mold.
Based on the present results, we  can conclude that
the  procedure herein developed was  efﬁcient, allowing the
achievement  of the ternary Mg-based alloy with low oxygen
content,  regardless of the inert atmosphere used during melt-
ing.  According to Xi et al. [14], oxygen adversely affects the
formation  of the amorphous phase, reacts with magnesium
oxide  forming a structure similar to the Laves phase, which
favors  heterogeneous nucleation, disfavoring the formation of
amorphous material.
A  ribbon and a wedge were  processed in order to eval-
uate  the presence of amorphous phase and its depth. The
thickness  and width of the melt-spun ribbon prepared for
GFA  evaluation were measured with micrometer accuracy of
±5  m.  The thickness ranged between 50 and 60 m and aver-
age  width was  2.6 mm.  Qin et al. [15] processed the same
alloy,  Mg65Zn30Ca5, simultaneously to this study, to assess
its  mechanical and corrosion properties. They processed the
ribbons  using the melting spinning technique and found
amorphous ribbons with 35 m in thickness and 3 mm in
width.
Fig.  2 shows the X-ray (XRD) diffraction patterns of the
melt-spun ribbon, melt-spun ribbon subjected to heat treat-
ment  at 280 ◦C for 30 min, and a crystalline portion of the
wedge-like sample (thickest region). The diffraction patterns
indicate  different characteristics and the melt-spun ribbon
presents  a unique pattern typical of amorphous structure
characterized by the presence of a single diffuse peak. The
patterns  for the other two samples exhibited diffraction peaks
of  crystalline structure with peaks of different width, which
indicate  differences in the grain size, probably due to the heat
treatment  to which the amorphous ribbon was subjected and
a  possible texture in the sample cast in permanent mold.
Basically, the XRD patterns of the crystalline samples show
the  presence of Mg  (possibly with Zn and Ca in solid solution),
MgZn  as a primary phase, and a eutectic composition probably
with  the presence of MgZn + Mg  + Mg6Zn3Ca2, as illustrated in
detailed  in Fig. 3 for the thickest region of the wedge.Fig.  4 shows the diffraction patterns of three different
regions of the wedge cast in the copper mold with 1 mm,
1.5  mm and 2 mm thickness. It is possible to observe that thecrystalline part of the wedge cast in the copper mold.
amorphous phase was  obtained for 1 and 1.5 mm.  On the other
hand,  the 2 mm thickness presented crystalline phases that
relate  well to the ones observed in the thickest regions of the
wedge,  whose diffraction pattern was  presented in Fig. 3.
Cao  et al. [16] also processed the alloy Mg65Zn30Ca5 to eval-
uate  its in vitro degradation rate and cell viability. The results
obtained  by these authors were similar to those presented in
this  work, it says, amorphous phase obtaining until 1–1.5 mm
thickness.  There were no detectable crystalline diffraction
peaks  and diffuse signals were observed around 38◦ and 66◦;
while  in the present study diffuse signals were  observed
around 38◦ and 70◦.
The  microstructure observed in the thicker region of the
wedge  shows a crystalline structure, as detected in XRD anal-
ysis  (Fig. 4). The light regions of the eutectic composition,different  regions of the wedge showing the presence of
amorphous  phase for 1 and 1.5 mm thickness and
crystalline phases beyond the latter.
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n Fig. 5b, it is possible to observe the primary MgZn phase
ith  a needle-like geometry. The amorphous microstructure
bserved in Fig. 5d corroborates the XRD results of the melt-
pun  ribbon showed in Fig. 2 and XRD results of the three
ifferent regions of the wedge showed in Fig. 4.
DSC  analyses were  conducted in different regions of the
edge  (Fig. 6) and the results show the presence of glass
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ig. 6 – DSC thermograms of the different thicknesses of
he  wedge cast sample.×, (b) 2000×, (c) 15,000×, and (d) 10,000× (amorphous).
transition  until 1.5 mm,  which indicates the presence of amor-
phous  phase. It can be seen that Tg and Tx of the BMG  were
146 ◦C and 162 ◦C, respectively, resulting in a thermoplastic
forming (TPF) window (or supercooled liquid region) of ∼16 ◦C,
close  to those found by Cao et al. [16] (∼15 ◦C) and Qin et al. [15]
(∼17 ◦C). This TPF window is not as wide compared with other
Mg  alloys containing elements such as Cu and rare earth (RE);
for  example, Mg65Cu25Gd10 developed in some experimental
conditions by Xi et al. [14] showed TPF window between 74 and
82 ◦C. However, these elements are not suitable for biomedical
implants due to lack of biocompatibility. The results obtained
indicated  that the melting range of the material processed
lies  between 342 and 391 ◦C, with an exothermic peak at
351 ◦C.
Cao et al. [16] produced amorphous Mg65Zn30Ca5 discs of
1  mm thickness, while Qin et al. [15] processed cylindrical
samples of 2 mm in diameter and observed the presence of
amorphous  phase. These results agree with those obtained in
this work. Further attempts were carried out after we mas-
tered  well the fusion process and wedge like samples with
amorphous structure until 2.5 mm were  obtained, as shown
in  Fig. 7.
The  class of Mg–Zn–Ca alloys is one of several systems,
characterized by a high GFA with the biocompatible compo-
sition.  However, bulk metallic glasses based on the Mg–Zn–Ca
system  are a relatively new class of amorphous alloys, which
are  characterized by very high strength properties, high
208  j m a t e r r e s t e c h n o l . 2 0 1 4;3(3):203–209
Fig. 7 – SEM images (BSED) of the amorphous phase observed at different regions of the wedge: (a) 1.8 mm,  (b) 2.0 mm,  (c)
2.5 mm (500×), (d) 2.5 mm (2000×).
rtoughness and high glass forming ability. Therefore, establish-
ing  the most appropriate procedure for obtaining amorphous
material as well as electing the most efﬁcient techniques for its
characterization is of fundamental importance for the study
of  a new material for bioabsorbable implant application.
4.  Conclusion
Based on the results previously presented, we  can conclude
that  the system adopted for obtaining the alloy of interest
(Mg65Zn30Ca5), starting from the preparation of binary alloys,
was  efﬁcient in view of the experimental values for the alloy
elements,  which were  consistent with the target values. This
procedure  allowed working at low temperatures, reducing
losses  and oxidation, which can hinder the achievement of
the  amorphous phase. The use of SF6 added to argon, which
is  commonly used in this type of melting, showed no signiﬁ-
cant  improvement in the oxygen content of processed alloys.
Oxygen  contents of 10 and 25 ppm were  obtained for alloys
processed  under argon + SF6 and Argon atmosphere, respec-
tively.  The results of DSC, XRD and SEM showed the presence
of  amorphous phase up to 1.5 mm thickness, with amorphous
structures observed up to 2.5 mm when the melting process
was  better mastered.Funding
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